The zebrafish has been becoming a popular vertebrate animal model in biomedical research. However, it is still challenging for making conditional gene knockout (CKO) zebrafish due to the low efficiency of homologous recombination (HR). Here we report an efficient non-HR-based method for generating zebrafish carrying a CKO and knockin (KI) switch (zCKOIS) coupled with dual-color fluorescent reporters. Using this strategy, we generated hey2 zCKOIS which served as a hey2 KI reporter with EGFP expression. Upon Cre induction in targeted cells, the hey2 zCKOIS was switched to a non-functional CKO allele hey2 zCKOIS-inv associated with TagRFP expression, enabling to visualize CKO alleles. Thus, the simplification of the design, and the visibility and combination of both CKO and KI alleles' engineering make our zCKOIS strategy an applicable CKO approach for zebrafish.
INTRODUCTION
Knockin (KI) animals carrying exogenous sequences integrated at specific genomic loci are invaluable tools for biomedical research. To understand the role of lethal genes in post-embryonic functions, it is usual to use KI animals carrying two loxP insertions at interested genomic loci to generate conditional gene knockout (CKO) animals (Yu and Bradley, 2001) . The zebrafish (Danio rerio) is a vertebrate animal model excellent for in vivo imaging of biological events. However, to knockin two loxP sites in the zebrafish genome is still a big challenge due to the unavailability of gene targeting techniques for zebrafish embryonic stem cells and the low efficiency of homologous recombination (HR) in fast-developing fertilized zebrafish eggs (Robles 3 et al., 2011). Although HR-mediated KI was reported to insert exogenous sequences into the genome, such as the green fluorescent protein (GFP)，loxP, and gene-trap cassette, the HR efficiency is low (Sugimoto, et al., 2017; Hoshijima, et al., 2016; Zu, et al., 2013) . This low efficiency of the gene targeting via HR is a bottleneck for generating KI and CKO alleles in zebrafish. We previously developed a non-HR-mediated efficient KI strategy without destroying targeted genes, in which a Cas9 target is selected in an intron and the donor plasmid is integrated into the targeted intron (Li, et al., 2015) . This strategy has been used to efficiently make KI Here we develop a novel method for making zebrafish CKO and KI switch (zCKOIS) in one step based on our previously reported non-HR-mediated intron targeting, in which a floxed and invertible gene-trap cassette with an RNA slice acceptor is inserted in the intron. Although Cre-mediated switch of the gene-trap cassette was reported to make CKO zebrafish, it failed to label the wild-type cells and the knockout cells, making it impossible to distinguish which cells are the mutant (Sugimoto, et al., 2017) . Whereas the advantage of our design is that we can see the wild-type cells and the mutant cells directly by colors: without Cre expression, the zCKOIS cassette will not be inverted and a KI reporter with green fluorescence will be transcripted under the control of the target gene's endogenous promoter; in the present of Cre, the cassette will be inverse, and the target gene will be destroyed, associated with the expression of a KO reporter with red fluorescence. Using our strategy, we generated a hey2 zCKOIS fish line and observed green fluorescence (i.e., KI reporter) in various cell types, including glial cells, endothelial cells (ECs) and haematopoietic stem cells (HSCs), similar to the expression pattern of the endogenous hey2 in zebrafish and mice (Rowlinson and Gering, 2010; Satow, et al., 2001; Zhong, et al., 2001) . By injecting Cre mRNA, we then validated that the inverted hey2 zCKOIS (hey2 zCKOIS-inv ) coupled with red fluorescence (i.e., KO reporter) is a non-functional KO allele, because homogenous hey2 zCKOIS-inv/zCKOIS-inv exhibited severe defects in tail circulation of the dorsal aorta (DA), a typical phenotype of the hey2 point mutant gridlock (Zhong, et al., 2001; Zhong, et al., 2000) . Finally, we achieved EC-specific KO of hey2 by crossing the hey2 zCKOIS with the KI line Ki(flk1-P2A-Cre), in which Cre expression is driven by the EC-specific promoter flk1. We found that CKO of hey2 in ECs did not cause defects in tail circulation, suggesting that the Hey2 plays a non-EC-autonomous role in regulating circulation development.
REUSLTS

Generation of a hey2 zCKOIS Zebrafish Line
We selected hey2 to test our strategy. The Hey2, a transcriptional repressor known as an effector of Notch signaling, is broadly expressed in various cell types, including ECs, HSCs, and glial cells (Rowlinson and Gering, 2010; Satow, et al., 2001; Zhong, et al., 2001) . We first made a hey2-GSG-P2A-EGFP KI donor based on our previous study (Li, et al., 2015) . The glycine-serine-glycine (GSG) sequence enables efficient cleavage of the P2A (Wang, et al., 2015) . Then we modified the EGFP KI donor by inserting in the left arm with a gene trap cassette, which includes an invertible splice acceptor site followed by a red fluorescent protein (TagRFP) via a P2A sequence for multicistronic expression (Sugimoto, et al., 2017) (Figure 1A) . We name it zebrafish Condition KnockOut and knockIn Switch (zCKOIS), because this design is supposed to realize one-step generation of an allele with both EGFP-labeled KI and TagRFP-labeled KO. We co-injected the zCKOIS donor plasmid, a short guide RNA (sgRNA) and the mRNA of zebrafish codon-optimized Cas9 (zCas9) into one-cell-stage fertilized eggs and raised these embryos to adulthood (Figure 1A) .
Those F0 were then outcrossed to wild-type (WT) zebrafish, and their F1 progenies were screened for EGFP signal. Two F0 founders with germline transmission were identified in a total of 21 F0 fish. We then used F1 embryos from one of the founders for the following experiments. PCR of genomic DNA and sequencing analysis of the F1 progenies confirmed the inheritance of the genomic integration of the F0 founder 5 (Figure 1B and Figure S1A ). Reverse transcription (RT)-PCR and sequencing also confirmed that EGFP was expressed with the endogenous hey2 transcripts ( Figure 1C and Figure S1B ). Hereafter, we refer this line as hey2 zCKOIS .
Consistent with the reported expression patterns of hey2 in zebrafish and mice Taking together, it indicates that the EGFP-labeled KI of hey2 zCKOIS recaptures the endogenous expression pattern of hey2 in zebrafish.
Characterization of the hey2 zCKOIS Allele
To characterize the hey2 zCKOIS allele, we injected Cre recombinase mRNA into the one-cell-stage fertilized eggs of hey2 zCKOIS fish and raised the injected embryos to adulthood. By outcrossing to WT fish, we identified the F1 progenies with TagRFP expression, which indicates the inversion of the hey2 zCKOIS allele (hey2 zCKOIS-inv ) (Figures 2A and 2B) . PCR and DNA sequencing of the F1 genomic DNA showed the inversion of the hey2 zCKOIS cassette as expected ( Figure 2C and Figure S2A ).
RT-PCR and sequencing data also confirmed the in-frame ligation of the mRNA of the hey2 exon4 to the P2A-TagRFP cassette (Figure 2D and Figure S2B ).
We then imaged hey2 zCKOIS-inv F1 embryos and found that, similar to the EGFP expression pattern in hey2 zCKOIS embryos, red fluorescence in hey2 zCKOIS-inv embryos was also expressed in glial cells and vascular ECs (Figures 2E and 2F, and Figures   S2C and S2D) . Interestingly, we also observed that HSCs derived from ventral DA 6 exhibited strong Hey2 expression during budding process ( Figure 2G) . In particular, we crossed hey2 zCKOIS-inv with hey2 zCKOIS and imaged the embryo of hey2 zCKOIS/zCKOIS-inv .
The complete overlapping of green and red signals in the embryo indicates the hey2 zCKOIS-inv faithfully recaptures the endogenous hey2 expression as the hey2 zCKOIS allele, implying that Cre-mediated inversion does not affect gene expression ( Figures   2F and 2G, and Figures S2C and S2D) . We noticed that in comparison with EGFP signal, TagRFP preferentially localized in the nuclear (Figures 2E-2G) . The reason is probably that, the GSG spacer, which is crucial for the efficient cleavage of P2A, was Figure 2B) . Therefore, the hey2 zCKOIS-inv allele is supposed to be a loss-of-function of hey2. To validate it, we incrossed the (Figures 2H and 2I) . These detects were not observed in the embryo of heterozygous hey2 zCKOIS-inv/+ , heterozygous hey2 zCKOISv/+ or homozygous hey2 zCKOIS/zCKOIS (Figure 2I) , indicating that the hey2 zCKOIS is a functional KI allele and the hey2 zCKOIS-inv is a non-functional KO allele.
EC-Specific KO of hey2
Vascular ECs are important for supporting the normal function of the circulation system. Our data above showed that hey2 was strongly expressed in the DA and the hey2 zCKOIS-inv/zCKOIS-inv exhibited gridlock phenotypes in the DA characterized by the loss of circulation to the tail (see Figures 1G and 2I) . To test whether the loss of hey2 7 in ECs is sufficient to cause the gridlock phenotype, we crossed the hey2 zCKOIS fish to the KI line Ki(flk1-P2A-Cre), in which the Cre expression is under control of the EC-specific flk1 promoter (Li, et al., 2015) . By incrossing the fish of hey2 zCKOIS ;Ki(flk1-P2A-Cre), we obtained the progenies with the background of hey2 zCKOIS ;Ki(flk1-P2A-Cre) that both copies of the allele was supposed to be inverted and TagRFP should be specifically expressed in ECs (Figure 3A) . Genotyping of the genomic DNA from these progenies confirmed the inversion of the hey2 zCKOIS cassette (Figure S3A) . RT-PCR data also confirmed the in-frame ligation of the mRNA of the hey2 exon4 to the P2A-TagRFP cassette (Figure 3B) . As expected, TagRFP was observed in ECs of arteries, including the DA and aISVs, but not in ECs of the siblings without Cre induction (Figure 3C and Figure S3B ), indicating the specific loss of the hey2 allele in ECs. As mentioned above, the hey2 KO displayed gridlock phenotype (see Figure 2I ). Therefore, we examined whether EC-specific KO of hey2 could recapture the circulation defect and pericardial edemas. However, these phenotypes were not observed in the embryos with the genetic background of hey2 zCKOIS/zCKOIS ;Ki(flk1-P2A-Cre) (Figure 3D ), suggesting that hey2 may play a EC-independent role in regulating the circulation to the tail in zebrafish.
DISCUSSION
Here we provide a simple efficient method named zCKOIS for making zebrafish lines with both visible CKO and KI alleles in one step. We showed that the zCKOIS cassette can be targeted into the last intron of hey2 with a high efficiency via CRIPSR/Cas9 mediated non-HR insertion. As the EGFP expression in hey2 zCKOIS embryos is driven by the endogenous hey2 promoter, EGFP was found to express in various cell types including glial cells and ECs. The homozygous hey2 zCKOIS/zCKOIS did not display any gridlock phenotype, indicating that the hey2 zCKOIS is a functional allele.
Thus, the hey2 zCKOIS can be used as a hey2 KI reporter with EGFP expression. On the other hand, by using Cre-induced inversion, we further validated that the 8 TagRFP-tagged hey2 zCKOIS-inv is a non-functional allele as the homozygous hey2 zCKOIS-inv/ zCKOIS-inv larvae showed the obvious gridlock phenotype. Therefore, the hey2 zCKOIS/zCKOIS fish with a tissue specific Cre expression can realize the CKO of the hey2 gene. Importantly, as the green color and red color represent the functional KI and non-functional KO alleles, respectively, we can easily distinguish KO cells and WT cells under microscopy just by eyes without sacrificing the fish for PCR and sequencing. This will greatly increase the screening efficiency and expand the way we detect KO events in vivo. For examples, we can make the inversion of the zCKOIS allele in some of the cells by using a line with weak Cre expression. Subsequently, cells with green (i.e., KI) or red color (i.e., KO) can be traced individually for exploring the distinct behaviors or the cell fate in a real-time manner in vivo.
For the successful one-step generation of zCKOIS of an interested gene, there are several key steps needed to be considered. The first one is how to choose a proper intron for the zCKOIS donor plasmid insertion. The ideal site for targeting is the intron just before the exon with important functional domains. The insertion of the hey2 zCKOIS donor into the last intron of hey2 is because the last exon encodes important domains of the Hey2 protein, and thus the inversion of the DNA cassette in the hey2 zCKOIS allele will result in the loss of the last exon during hey2 mRNA processing, guaranteeing the hey2 zCKOIS-inv is a non-functional KO allele. If the functional domain of an interested gene is present in the X th exon, the (X-1) th intron should be the suitable site for targeting. Second, it is important to select a sgRNA with a high cleavage efficiency in the intron. This is the crucial step for the successful insertion of the zCKOIS donor plasmid, because the highly efficient concurrent cleavage of the donor and target genomic sites will increase the germline transmission rate. For the case of the hey2 zCKOIS , the cleavage efficiency of the sgRNA used was about 50%, resulting in successful identification of two founders among the total of 21 F0 fish. The third important step is the design of a zCKOIS donor. It is of importance to label the functional KI cassette and the KO cassette with different fluorescent colors, which will make it convenient to distinguish between the two genetic backgrounds by eyes. Last but not least, to achieve complete CKO in a specific cell type or tissue, the Cre expression needs to be highly specific. Leaky expression of Cre will potentially cause false-positive results. KI lines harboring the endogenous cis-regulatory elements of promoter/enhancer outperforms conventional transgenic lines in guaranteeing the specific expression (Li, et al., 2015) . Therefore, we used the Ki(flk1-P2A-Cre) line rather than the promoter-driven Tg(flk1:Cre) transgenic line for the inversion of the zCKOIS allele in ECs. Unexpectedly, in the hey2 zCKOIS/zCKOIS ;Ki(flk1-P2A-Cre), we did not observe the gridlock phenotype found in hey KO and gridlock mutants, suggesting that the hey2 of ECs is not important for regulation of the circulation in the tail of zebrafish. A previous study showed that the gridlock phenotype can be suppressed by up-regulating vascular endothelial growth factor (VEGF) or activating the VEGF pathway (Peterson, et al., 2004) . Therefore, it is possible that Hey2 promotes VEGF production in the surrounding cells. Then VEGF can be secreted into extracellular space and distributes around the DA to activate VEGF downstream signals in ECs for regulating the circulation to tail. Cell type-specific Cre mediated CKO with use of the hey2 zCKOIS line may help to find the detailed mechanisms in the future.
In summary, the method we introduced here realizes the generation of CKO and KI reporter line in one step via efficient non-HR-mediated insertion. The simplification and combination of CKO and KI make the zCKOIS strategy an applicable approach for zebrafish and even other organisms.
EXPERMENTIAL PROCEDURES Zebrafish Husbandry
Adult zebrafish were maintained in the National Zebrafish Resources of China 
Production of zCas9 mRNA, sgRNAs, and Cre mRNA
The zCas9 expression plasmid pGH-T7-zCas9 (Liu, et al., 2014) was linearized by Xba I and used as a template for Cas9 mRNA in vitro synthesis and purification with the mMACHINE T7 Ultra kit (Ambion). The coding sequence of Cre was amplified from Cre plasmid by using a T7-promoter included primers. The Cre mRNA was synthesized by the same T7 Ultra kit. The sequence of sgRNAs was designed according to previously reported criteria (Chang, et al., 2013) . We used the CRISPR/Cas9 design tool (http://crispor.tefor.net/crispor.py) to select specific targets to minimize off-target effects. The sequences of designed sgRNAs are as follows:
hey2: GGAAGGATAATGGTTGGGT (forward strand); flk1: TCTGGTTTGGAAGGACACAG (forward strand);
gfap: GTGCGCAACACATAGCACCA (reverse strand);
A pair of oligonucleotides containing the sgRNA targeting sequence were annealed and cloned downstream of the T7 promoter in the PT7-sgRNA vector. The sgRNA was synthesized by the MAXIscript T7 Kit (Ambion) and purified by using the mirVana™ miRNA Isolation Kit (Ambion).
Generation of the hey2 CKOIS Zebrafish Line
The GSG-P2A-EGFP fragment was ligated into the PMD-19-T by T-A cloning to form the T-GSG-P2A-EGFP vector. The left and right arms for hey2 were amplified by the KOD-PLUS Neo DNA polymerase from WT zebrafish genomic DNA. Then, the arms were ligated to the 5' and 3' regions of the GSG-P2A-EGFP fragment in the hey2 sgRNA, and hey2 CKOIS donor plasmid were co-injected into one-cell-stage fertilized zebrafish eggs. Each embryo was injected with 1 nl of solution containing 800 ng/μl zCas9 mRNA, 80 ng/μl sgRNA, and 15 ng/μl donor plasmid. To screen hey2 CKOIS founders, adult fish were crossed with AB wild-type (WT) zebrafish, the genomic DNA was extracted at 3 days post-fertilization (dpf), and the germline transmission was detected by PCR and imaging.
The left arm and right arm sequences of the donor plasmid were amplified from genomic DNA isolated from adult WT AB zebrafish using the following primers:
1) Left arm amplification primers:
Forward: 5′-CGAGGTACCCACTCGTCGACAAAACTAGGG -3′ and Reverse: 5′-CGAGGATCCAAACGCTCCCACTTCAGTTC -3′.
2) Right arm amplification primers:
Forward: 5′-CGAACCGGTTAAATGTTGGATTTAAATGT -3′ and Reverse: 5′-CGACTGCAGTAGGGTTTTAGCAGGCACCG -3′.
RNA Preparation and First-Strand cDNA Synthesis
Total RNAs of zebrafish embryos of 1.5 dpf and 3.5dpf were extracted by using TRIzol reagent according to the manufacturer's instructions (Invitrogen, 15596018).
The extracted total RNA was used to generate the first-strand cDNA by using PrimeScript™ RT Master Mix (Takara, RR036A).
Genotyping of hey2 zCKOIS and hey2 zCKOIS-inv Genomic Loci and RT-PCR
Analysis of the Transcripts
The following primers were used for PCR of genome DNA and RT-PCR of cDNA in Figures 1B and 1C, Figures 2C and 2D, Figure 3B , and Figure S3A . Ki(flk1-P2A-Cre) with Cre Expression Specific in Vascular Endothelial Cells
Generation of the KI Line
The Ki(flk1-P2A-Cre) line was generated with CRISPR/Cas9-mediated KI method as previously reported (Li, et al., 2015) . Briefly, the flk1-P2A-Cre plasmid donor was made by replacing the EGFP sequence in the flk1-P2A-EGFP donor with Cre. 1 nl of solution containing 800 pg zCas9 mRNA, 80 pg flk1 gRNA and 15 pg flk1 donor plasmid, was injected into zebrafish embryos at one-cell stage. The embryos were raised to adulthood for founder screening. To screen Ki(flk1-P2A-Cre) founders, adult fish were crossed with AB WT zebrafish, the genomic DNA was extracted at 1 dpf, and the germline transmission was detected by PCR. The founder was then crossed to the lineage tracing line Tg(bactin2:loxP-STOP-loxP-DsRed-express) sd5 to confirm the Cre-mediated loxP site deletion in vessels (Figure S3C) (Bertrand, et al., 2010) .
Generation of the Glial Reporter KI Line Ki(GFAP-TagBFP)
The Ki(GFAP-TagBFP) line was generated as previously reported (Li, et al., 2015) .
Briefly, The GFAP-TagBFP donor was made by replacing the EGFP sequence in the GFAP-EGFP donor with TagBFP. 1 nl of solution containing 800 pg zCas9 mRNA, 80
pg gfap gRNA and 15 pg donor plasmid, was injected into zebrafish embryos at one-cell stage. The embryos were raised to adulthood for founder screening. To screen Ki(GFAP-TagBFP) founders, adult fish were crossed with WT zebrafish, the genomic DNA was extracted at 1 dpf, and the germline transmission was detected by PCR and imaging.
Confocal Imaging
Z-stack images were taken at room temperature, under an Apo LWD 25X 
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